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Background
Cri tically ill patients often experience high levels of insulin resistance [1] [2] [3] [4] [5] [6] [7] and stress-induced hyperglycemia, which may negatively impact outcomes. [1] [2] [3] 7, 8 In the 2001 landmark study by Van den Berghe and coauthors, 7 intensive insulin therapy (IIT) was used to control blood glucose (BG) to normal levels in an attempt to improve intensive care unit (ICU) patient outcomes and they reported a reduction in ICU mortality from 8% to 4.6% and a reduction in overall hospital mortality. Many studies tried to replicate these results with some showing reduced mortality, 9, 10 others failing to match these results, [11] [12] [13] and many seeing no difference. 14 The lack of consistent results following the Van den Berghe and coauthors 7 study leaves the benefits of IIT disputed. Overall, any tight glycemic control (TGC) or IIT protocol must reduce elevated BG levels with minimal hypoglycemia. However, there is little agreement on what constitutes desirable glycemic performance. [15] [16] [17] Furthermore, protocols or clinical practices that utilize large insulin doses can suffer from high glycemic variability and/or excessive hypoglycemia, 14, 18 both of which have been independently linked to mortality in critically ill patients. [19] [20] [21] [22] The interpretation of results from these studies is also important when drawing conclusions about the benefits and risks of IIT. There is the potential for negative results to be falsely negative due to unintended patient crossover or cohort overlap during studies comparing glycemic levels, which can lead to the misinterpretation of results. For example, if the aim of a particular study is to determine whether or not achieving good control of BG levels to a normal range is linked to reduced patient mortality, then the association between BG levels and mortality should be investigated. Furthermore, in this hypothetical study, if patients in group A were controlled using IIT and patients in group B were uncontrolled, we should not necessarily assume that all patients in group A would have BG in the normal or desired range and that all patients in group B would be poorly controlled. Therefore, the analysis should potentially consider patients from both groups based on glycemic levels achieved, rather than their intended treatment group.
Thus there are two separate questions that need to be answered. The first is a physiological question: Is normoglycemia or lower glycemic levels associated with better outcomes in critically ill patients, irrespective of how it comes about? The second is a clinical question: Is glucose control achievable, consistently and reliably, in a clinical setting? This study addresses the first question by investigating the association between the amount of time each critically ill patient experiences good glucose control and hospital mortality, irrespective of the protocol used to control BG levels, specifically, by grouping patients Abstract cont.
Results:
Results show that, across all three cTIB threshold levels (0.3, 0.5, and 0.7) and all 5 days of analysis, patients with a cTIB ≥ threshold have a higher OL than patients with a cTIB < threshold. A cTIB threshold of 0.7 showed the strongest separation between the subcohorts, and on day 5, the OL for subcohort A was 4.4 versus 1.6 for subcohort B. The second analysis showed that patient dropout had little effect on the overall trends. Using a cTIB threshold of 0.7, the OL for subcohort A was 0.8 higher than the OL for subcohort B on day 1, which steadily increased over the 5 days of analysis.
Conclusions:
Results show that OL are higher for patients with cTIB ≥ 0.3-0.7 than patients with cTIB < 0.3-0.7, irrespective of how cTIB was achieved. A cTIB threshold of 0.5 was found to be a minimum acceptable threshold based on outcome. If cTIB is used in similar BG studies in the future, cTIB ≥ 0.7 may be a good target for glycemic control to ensure outcomes and to separate patients with good BG control from patients with poor control. 
Methods

Subjects
This study uses BG data from 784 patients admitted to the Christchurch Hospital ICU between January 2003 and May 2007. A clinical practice change occurred during August 2005 when the SPRINT (SPecialized Relative Insulin and Nutrition Tables) TGC protocol was introduced, so the data set contains both pre-SPRINT patient data as well as data from patients on the SPRINT protocol. Overall, they represent a range of glycemic levels, and glycemic variability, and are representative of a typical medical ICU cohort. Demographic details are in Table 1 .
Blood Glucose Measurements
For all 784 patients, blood was sampled multiple times daily via an arterial line or by finger prick (in the absence of an arterial line) and BG concentration was determined by either blood gas analysis or using a point-of-care BG meter. The BG measurements were not affected by meals, because patients in this study were fed by constant infusion (typically enterally). The median (interquartile range) interval between BG measurements was 2 (1-2) h. Due to irregular sampling intervals, patient BG data were linearly interpolated at 60 min intervals. The BG values at 60 min intervals (either clinical or interpolated) were then used to determine glycemic performance.
Glycemic Performance
All 784 patients were pooled together in a single cohort and then stratified into two subcohorts based on glycemic performance. Glycemic performance was measured using cumulative time in band (cTIB), 23 which is calculated per patient/per day and defined as the percentage of time the patient's BG levels have been in a specific band (72-126 mg/dl here) up to and including the considered day. Importantly, cTIB is a measure of both level and variability of BG. Thus cTIB captures the amount of time each patient experiences good glucose control. For example, cTIB ≥ 0.5 requires a minimum of 50% of all measurements up to that day to be within 72-126 mg/dl for a given patient, implicitly limiting level and variability. In this study, cTIB thresholds of 0.3 (30%), 0.5 (50%), and 0.7 (70%) were tested.
Odds of Living
OL = # Patients discharged from hospital # Patients who died in hospital
For each of the two stratified subcohorts based on cTIB ≥ threshold and cTIB < threshold, the odds of living (OL) were used to assess the association between glycemic performance and hospital mortality for these critically ill patients. OL is defined here as the number of patients discharged from hospital divided by the number of patients who died in hospital for a given subcohort and is calculated independently for each of the two subcohorts. Calculated each day, the OL for each subcohort clearly shows whether a rising odds ratio (simply the ratio of the OL for each subcohort) is due to improvement of one subcohort and/or degradation of the other.
Analysis
This study analyzed patient BG data for the first 5 days after hyperglycemia was first detected (two consecutive BG measurements ≥ 144 mg/dl) or for the available days if BG data were recorded for less than 5 days. For each day, a cTIB value was calculated for each patient who had BG data for the days leading up to and including that day.
Patients with a cTIB ≥ threshold on that day were stratified to subcohort A and patients with a cTIB < threshold were assigned to subcohort B. The OL were then calculated for each subcohort, and day, forming the basis of comparison between the subcohorts. Baseline OL for the whole cohort without the cTIB condition are shown for comparison.
It should be noted that patient crossover from subcohort A to subcohort B (or vice versa) was possible on consecutive days if the patient's cTIB crossed the threshold. For example, using a cTIB threshold of 0.5, a patient with a cTIB of 0.55 on day 1 would be assigned to subcohort A. The same patient could have a cTIB of 0.45 on day 2 and would then be assigned to subcohort B. Additionally, patient dropout occurred when a patient with <5 days BG data had no measurements for the current analysis day. The effects of patient dropout were assessed by a second analysis of 310 patients who had BG data for 5 days or more.
Results
The results of the first analysis of all 784 patients are shown in Figures 1-3 . Each figure contains three lines, corresponding to OL results for (1) the cTIB ≥ threshold (reduced mortality). The number of patients assigned to each subcohort for each day is shown in brackets in Figures 1-3 . Table 2 shows the total number of patients included in the analysis for each day. Figure 1 shows the OL, by day, for subcohort A and subcohort B when the cTIB threshold was set at 0.3. The OL for patients with cTIB ≥ 0.3 are higher than the OL for patients with cTIB < 0.3, for all 5 days. The separation between the OL for the two subcohorts increases over days 1-3, then decreases for days 4 and 5. The maximum separation occurs on day 3, when the OL for subcohorts A and B are 2.9 and 1.4, respectively. Figure 1 also shows that, when a cTIB threshold of 0.3 is used, the number of patients in each subcohort is skewed due to a lot of patients achieving the required 30% time in band. Figure 2 shows the results using a cTIB threshold of 0.5. Similar to the results in Figure 1 , the OL for patients with cTIB ≥ 0.5 are higher than the OL for patients with cTIB < 0.5 over all 5 days of analysis. The separation between the OL for the two subcohorts is also very similar to the results for a cTIB threshold of 0.3 over days 1-3. However, for days 4 and 5, the separation stays relatively constant at approximately 3 for cTIB > 0.5 and 1.6 for cTIB < 0.5. The number of patients in each subcohort is also less skewed due to the higher cTIB threshold. Figure 3 shows the results using a cTIB threshold of 0.7. Again, the OL for patients in subcohort A are higher than the OL for patients in subcohort B over all 5 days of analysis. The separation between the OL for the two subcohorts steadily increases over the 5 days, reaching a maximum on day 5 when the OL for subcohort A was 4.4 versus 1.6 for subcohort B. The number of patients were evenly split between each subcohort for analysis days 2-5.
The results from the second analysis using only patients who had BG data for 5 days or more are shown in represents the length of BG control, and the y axis is the OL. Patient dropout is accounted for in this analysis, and consequently, the OL for the entire cohort are 2.6 for all 5 days of analysis. Figure 4 shows the OL, by day, for subcohort A and subcohort B when the cTIB threshold was set at 0.3, Figure 4 . Odds of living by day for patients who had BG data for more than 5 days (N = 310). Patients with at least 30% of BG measurements inside 72-126 mg/dl (squares) are compared with patients with less than 30% of BG measurements in 72-126 mg/dl (circles), with baseline OL shown for comparison (crosses). The number of patients in each subcohort is shown in parentheses.
Figure 5.
Odds of living by day for patients who had BG data for more than 5 days (N = 310). Patients with at least 50% of BG measurements inside 72-126 mg/dl (squares) are compared with patients with less than 50% of BG measurements in 72-126 mg/dl (circles), with baseline OL shown for comparison (crosses). The number of patients in each subcohort is shown in parentheses. Figure 5 shows the results using a cTIB threshold of 0.5, and Figure 6 shows the results using a cTIB threshold of 0.7. The number of patients assigned to each subcohort for each day is shown in boxes in Figures 4-6 . Results in Figures 4-6 are consistent with the results in Figures 1-3 for the corresponding cTIB threshold, indicating patient dropout had little effect in this analysis.
Discussion
The aim of this study was to investigate the association between a metric of lower or normoglycemia and patient mortality in critically ill patients. Patients were stratified into two subcohorts based on their cTIB, and then the tendency of daily OL was used as the basis of comparison between the subcohorts. Importantly, the stratification was based on achieved level of glycemic performance, rather than the clinical protocol in place.
The first trend seen in all six figures is that patients with a cTIB ≥ threshold have a higher OL than both the baseline OL and the OL for patients who had a cTIB < threshold. This trend occurs across all three threshold levels (0.3, 0.5, and 0.7) and all 5 days of analysis, except for day 1 in Figure 3 (cTIB threshold = 0.7), where all three OL were ~3. Overall, this result suggests that patients with glycemia in the normal range (72-126 mg/dl here) tend to have higher OL than those with glycemia outside the band for cTIB thresholds of 0.3-0.7.
The second observation is the effect of changing the cTIB threshold level. Figure 1 shows results from the first analysis using a cTIB threshold of 0.3. Most patients exceed the cTIB threshold, which results in up to 5.6 times more patients in the cTIB ≥ threshold subcohort (263 versus 47 for day 5). The OL for both subcohorts are only separated by 0.6 on day 5 (OL = 2.7 for cTIB ≥ threshold versus OL = 2.1 for cTIB < threshold), suggesting the threshold is too low to fully capture the association between glycemia and mortality.
The results shown in Figure 2 show an interesting trend when using a cTIB threshold of 0.5. The OL for subcohort A was ~3 for all 5 days of analysis, and the OL for subcohort B decreased from ~3 to ~1.5 over the 5 days. This result suggests that achieving a cTIB of ≥0.5 did not necessarily improve patient outcome but instead that not achieving the threshold of 0.5 was associated with a detrimental effect on patient outcome. These results suggest a cTIB threshold of 0.5 could potentially be the minimum target for future studies investigating the effect of BG control on patient mortality. Figure 6 . Odds of living by day for patients who had BG data for more than 5 days (N = 310). Patients with at least 70% of BG measurements inside 72-126 mg/dl (squares) are compared with patients with less than 70% of BG measurements in 72-126 mg/dl (circles), with baseline OL shown for comparison (crosses). The number of patients in each subcohort is shown in parentheses.
Further increasing the cTIB threshold, the results shown in Figure 3 suggest a cTIB threshold of 0.7 shows stronger separation in outcomes. Using this threshold, the separation between the OL of both subcohorts on day 5 increased to 2.8 (OL = 4.4 for cTIB ≥ threshold versus OL = 1.6 for cTIB < threshold). Additionally, there are at least 140 patients in each subcohort for all days, reducing the impact of outliers on the overall results. Finally, the OL increases consistently for the cTIB ≥ 0.7 subcohort while decreasing for the cTIB < 0.7 subcohort. These results suggest a cTIB threshold of 0.7 could be a good target for future studies investigating the effect of BG control on patient mortality.
Using the threshold of 0.7, the effect of patient length of stay was analyzed, with and without patient dropout.
Comparing Figure 3 with Figure 6 outlines two main points. First, patients with a cTIB ≥ 0.7 have a higher OL the longer their length of BG control (up to day 5), and patients with a cTIB < 0.7 have decreasing OL as their length of BG control increases. Second, patient dropout had little effect on this overall trend with this data set and a threshold of 0.7. These findings reinforce the importance of getting good BG control early in the ICU stay and maintaining for the duration required.
The effect of patient crossover from one cTIB subcohort to the other during the 5 days of analysis was also assessed in this study (results not shown). For example, it is possible for a patient to be in subcohort A for days 1 and 2 to then drop to subcohort B for the remainder of monitoring. In the first analysis (including all patient data) using a cTIB threshold of 0.7, only 6% of patients crossed from one subcohort to the other during the monitoring period, and in the second analysis (including patients with three or more days of data), only 11% of patients changed subcohorts. To determine whether patient crossover had any significant effect on results, the data were reanalyzed with these patients excluded.
The results were very similar to the original results from the first analysis, suggesting that patient crossover had very little impact in this study.
Additionally, patients with diabetes are predicted to have poor glycemic control 24 and could potentially skew the overall results. Of the 784 patients used in this study, there were 140 patients with previously known diabetes.
A further analysis was completed with these patients excluded, and the results remained very similar to the results obtained in the original analysis. Thus we can conclude, at least in this study, the results were not skewed by patients with diabetes.
In this study, OL was used to show the association between glycemia and mortality for critically ill patients and was used instead of odds ratio because OL gives more insight into why the odds ratio might show an increase or decrease. An increase in odds ratio can occur in three ways: (1) increased OL for patients who achieve the cTIB threshold, (2) decreased OL for patients who don't achieve the cTIB threshold, or (3) a combination of both. Figures 2 and 3 reinforce the benefits of using OL in this study. Both examples show an increase in odds ratio, but this occurs for different reasons. The odds ratio for the results in Figure 2 increases due to (2) , and the odds ratio for the results in Figure 3 increase due to (3) .
Overall the results of this study show a strong association between cTIB (glucose control) and hospital mortality for critically ill patients. It should be emphasized that the purpose of this study was to investigate the association between cTIB and mortality, not the cause of good/bad glucose control. Thus this study could not conclude that good BG control (measured by cTIB) is the cause of reduced ICU patient mortality, instead that it appears to be strongly associated with reduced mortality.
Limitations
Although the results of this study are promising, there are limitations that need to be addressed. First, data used in this study are from a single ICU, in one hospital. A similar analysis needs to be carried out on a large multicenter, multi-ICU cohort that contains a wide variety of patients. Testing across a larger, broader population of critically ill patients will help to determine how robust the cTIB metric is and how strongly it is associated with mortality.
The second limitation is the very low incidence of hypoglycemia in this data set. SPRINT achieved good control with minimal hypoglycemia, and this risk factor, which is prevalent in other TGC studies, is not effectively considered here. Again, repeating the analysis with a larger cohort that includes episodes of hypoglycemia would give insight into how these events impact the results.
Third, patient dropout occurred when patients had less than 5 days of BG data. In the first analysis, these patients were removed from the data set for subsequent days. There is potential for a bias using this method, as it is likely patients would have stopped BG control due to self-regulation of BG and should have been in the cTIB ≥ threshold subcohort. This issue is mitigated in the second analysis (Figures 4-6 ) by removing patients with less than 5 days of BG data and only analyzing the 310 patients with BG data for all 5 days.
Fourth, length of BG control was measured from first recognition of hyperglycemia when BG control commenced, not when patients were admitted to the ICU. Thus patients starting BG control later in their stay may have a different clinical situation to those who presented with hyperglycemia upon ICU admission. Additionally, only 5 days of BG control were analyzed in this study, based on available data. Hospital mortality was used as the outcome metric, but this could occur long after the application of BG control and potentially for reasons not related to the provision of glucose control.
Conclusion
This study explicitly addressed the first of two questions regarding BG control in critically ill patients: Is normoglycemia and low variability associated with reduced hospital mortality in this group of patients? The analysis used cTIB and OL to quantify this association with 5 days of BG data for each patient.
Results show that OL are higher for patients with cTIB ≥ 0.3-0.7 than patients with cTIB < 0.3-0.7, irrespective of how cTIB was achieved. The 0.7 threshold showed OL 2.8 times higher for those patients with cTIB ≥ 0.7 by day 5. Equally, a cTIB threshold of 0.5 was found to Signal www.journalofdst.org J Diabetes Sci Technol Vol 6, Issue 5, September 2012 be a minimum acceptable threshold based on outcome. If cTIB is used in similar BG studies in the future, cTIB ≥ 0.7 may be a good target for glycemic control to ensure outcomes and to separate patients with good BG control from patients with poor control. Finally, ability to achieve such levels may offer value in prognostic models.
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